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 Drought causes significant yield reductions in soybean. The development of drought-
tolerant cultivars is an effective alternative to overcome this abiotic stress. Slow wilting, 
prolonged nitrogen fixation, and minimal yield reduction under water stress play an important 
role in evaluating breeding materials. Despite advances in knowledge about plant responses to 
drought conditions, there is little information on effective methodologies for phenotype 
screening in the field, and some QTLs have been identified for drought tolerance. Field 
screenings under drought and irrigated conditions are necessary to detect drought tolerant lines. 
In addition, QTLs and molecular makers associated with drought tolerance traits will greatly 
facilitate the development of tolerant lines through marker-assisted selection (MAS). The 
objectives of this study were: 1) to evaluate whether selection of high-yielding lines under 
irrigation in the preliminary stage is a positive predictor of the performance of these lines under 
drought conditions, and 2) to identify/confirm QTL’s associated with slow wilting and nitrogen 
fixation for drought tolerance. For the first objective, yield performances of 87 genotypes 
derived from three different populations were evaluated under rain-fed conditions versus 
standard irrigation. The second objective was to identify QTLs associated with slow wilting, 
shoot ureides and nitrogen concentrations in soybeans. For this objective, 148 lines from an F4-
derived population (R07-7044 x R01-581) were screened with SNP markers and molecular 
analysis was conducted. Results for the first project showed four different types of yield 
performance on the lines. The high-yielding lines under full irrigation also had high yields under 
drought indicating that the selection of high-yielding lines in initial stages under irrigation is a 
good indicator of the profitable yielding lines under moderate drought conditions. In the second 
project, results showed two new QTLs for shoot nitrogen on chromosomes 6 and 11, and 
confirmed two shoot ureide QTLs on chromosomes 10 and 13. Four new QTLs for wilting were 
identified on chromosomes 11, 13, 14, and 18. These newly confirmed QTLs and molecular 
markers will be useful for marker-assisted selection for drought tolerance improvement in a 
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Soybeans were domesticated in East Asia hundreds of years ago. Since then, the 
cultivation, production, and processing has been improved enormously. In recent decades, the 
nutritional value of soybeans has gained interest world-wide (Liu, 2005). During the advance of 
cultivation, soybeans have been consumed as fresh, fermented, and dehydrated. Several types of 
tasty and nutritive soyfoods are present in the market today (Gibson, 2005) . Soybeans were 
introduced into the United States in the early 1900s. During World War II, soybeans were an 
important substitute for imports such as protein foods and oil. At this time, the disruption of 
traditional trade routes caused the expansion of the crop in the U.S. and other countries.  Since 
the 1950´s soybean has been a main component in livestock feed (Gibson, 2005). By 1935, 
Henry Ford spent a vast amount of money on soybean research in the U.S. He was the most 
famous supporter of soybean research, even to the point that soybeans were used as raw material 
in the manufacture of car parts. 
In recent decades, the incorporation of scientific advances such as herbicide resistance led 
to significant progress in soybean production. More recently, soybeans have been successfully 
cultivated in many countries around the world and represent one important source of food. 
Nowadays, soybean are incorporated into several industrial products such as biodiesel fuels, 
crayons, detergents, pharmaceuticals, and plastics (Pedersenn, 2007).  
New and improved genetic materials are fundamental for future soybean production. 
With continuing soybean demand, arable areas are not sufficient to produce grains and thus, new 
marginal areas are incorporated to grow soybeans. In 2015, 320.2 million metric tons of 
soybeans were produced worldwide. The United States was the leader in soybean production 
(33%), followed by Brazil (31%), and Argentina (18%)(American Soybean Association [ASA], 




an average of 3.2 metric tons per hectare. The top ten soybean-producing states ranked by 
production in millions metric tons are Iowa, Illinois, Minnesota, Nebraska, Indiana, Ohio, S. 
Dakota, Missouri, Arkansas and Kansas respectively. In 2015, Arkansas ranked  No. 9 with a 
total area of 1,295 thousand hectares and a production of 4.2 million metric tons   (ASA, 2016). 
Drought stress 
Drought can be defined as an extended period of deficient precipitation causing less crop 
growth and appreciable reductions in yield (Passioura, 2002). Drought causes major yield 
reductions (Sinclair et al., 2010).Water is a crucial limited resource to plant growth and 
development. Water deficiency negatively affects soybean growth, yield and sometimes can 
cause plant death (Sinclair et al., 2010). Although irrigation is a good option, it is expensive and 
requires a significant investment of capital in equipment and fuel; hence, there is a need to use 
other strategies to minimize drought effects. Soybean is particularly sensitive to water stress at 
the beginning of pod setting to full seed-filling restricting the yield severely (Doorenboos and 
Kassam, 1986; Liu et al., 2004; Frederick et al., 2001). 
In the United States, according to the United States Department of Agriculture (USDA), 
in 2015 approximately 16% of the soybean crops in Arkansas are under dryland conditions with 
30% less yield compared to fields with irrigation (3383 vs. 2347 Kg ha-1) (nass.usda.gov). There 
is a need to develop other strategies besides irrigation to minimize drought effects. Developing 
drought-tolerant cultivars is an effective alternative for combating the drought stress. 
Drought tolerance mechanisms 
Drought tolerance refers to the adaptation of plants under drought conditions (Passioura, 
2002). Sadok and Sinclair (2011) described three mechanisms that contribute some drought 




drought sensitivities. To survive water limitation, as examples of the mechanisms mentioned 
above, soybean plants have several adaptive traits such as slow canopy wilting, root depth, and 
prolonged nitrogen fixation.  Plants carrying the slow wilting trait  conserve soil water by 
limiting transpiration, increasing yield under high evaporative conditions (Sinclair et al., 2008). 
Deep rooting allows access to water stored deep in the soil and could improve the yield under 
drought conditions by the acquisition of more water (Gilbert et al., 2011). To overcome special 
drought sensitivities, drought tolerant soybeans have a prolonged nitrogen fixation under water 
deficit conditions. Nitrogen fixation activity  is more sensitive to drought than photosynthesis 
(Durand et al., 1987). Consequently, deficiency of nitrogen will occur under limited soil 
moisture conditions. Mastrodomenico et al. (2012) reported an important reduction of the seed 
mass in the seed fill stage under drought conditions at R6. The repression of nitrogen fixation 
during late seed growth promotes the redistribution of N from the leaves to supply seed demand. 
Nitrogen fixation 
Mineral nutrients are crucial to plant growth, development, and production.  Nitrogen 
deficiency restricts plant growth providing reduced yields (Hu and Schmidhalter, 2005).This 
essential mineral element that plays an important role not only as a component of the proteins, 
nucleic acids and energy molecules (ATP) but also as a crucial component of two molecules: 
chlorophyll and ribulose 1.5-bisphodsphate carboxylase oxigenase, both involved in 
photosynthesis (Wittenbach et al., 1980). Soybeans can obtain nitrogen through symbiotic 
nitrogen fixation by a diverse group of bacteria (Bradyrhizobium japonicum). Root nodules are 
produced when root hairs are infected by bacteria. In the nodules the atmospheric nitrogen is 
reduced to ammonium by the nitrogenase enzyme. Nitrogen fixation has been found to be 




mineral nitrogen fertilizer and confirmed that nitrogenase activity was reduced under water 
stress. They reported a yield increase under drought conditions occurred in response to 
fertilization, but there was not a yield response under irrigation. 
According to Durand et al. (1987) during the early stages of drought, the nitrogenase 
activity dropped 70%, whereas the photosynthesis process dropped just 5%. Sinclair et al. (2010) 
and Ray et al. (2006) claimed that nitrogen fixation is the most helpful trait associated with yield 
increase in rainy and dry environments. The nitrogen fixation during seed filling is an important 
process directly involved with the final grain yield (Mastrodomenico et al., 2013). Despite recent 
studies in the field, the regulation of nitrogen fixation is not yet completely understood. 
Nitrogen and ureides  
The ureides, allantoin and allantoic acid, represent the major fraction of the soluble 
nitrogen assimilated in soybean nodules and transported from the roots to the shoot by xylem 
(McClure and Israel, 1979). Serraj and Sinclair (1996) reported that ureide concentrations 
increase in shoots under water limited conditions. Similarly, ureide concentrations increases in 
nodules during drought stress (King and Purcell, 2005). Valdez et al. (2000) reported that the 
accumulation of ureides in leaves under water-deficit is correlated with a reduction of both 
ureide catabolism and phloem transport. Accumulation of ureides varies among genotypes, and it 
is said to be associated with the reduction of nitrogen fixation activity under drought stress 
(Hwang et al., 2013). Ureide concentration in the plant shoot system can be a valuable trait to 
identify genotypes with drought tolerance (King et al., 2014). Genotypes that maintain lower 
shoot ureide are considered drought tolerant for nitrogen fixation (Ladrera et al., 2007). Jackson 
was the first cultivar identified as nitrogen fixation drought tolerant; it is a maturity group VII 




the shoot (Vadez and Sinclair, 2002). However, it has poor agronomic characteristics. 
Researchers at the University of Arkansas identified two maturity group V lines (R01-416F and 
R01-581F) with sustained nitrogen fixation ability under moderate water stress conditions (Chen 
et al., 2007) and these lines were used to improve new drought tolerant lines. 
Slow canopy wilting 
Breeding for yield improvement under drought stress can be performed by identifying 
genotypes that can maintain nitrogen fixation rates. In addition to nitrogen fixation activity, 
measurement of slow canopy wilting can be used to evaluate genotypes under water-deficit 
conditions (King et al., 2009). Slow wilting is a polygenic and environmentally sensitive 
characteristic that is heritable, and it is considered as the first visible symptom of soil water 
insufficiency (Charlson et al., 2009). Leaf wilting, rolling in the top of the canopy, movements of 
the angle of the leaf, and loss of petiole turgidity are the visible indicators of water deficit 
(Oosterhuis et al., 1985). 
Responses to water deficit include several physiological changes such us stomata 
conductance and reducing leaf surface area. Slow-wilting genotypes have the ability to reduce 
the transpiration by decreasing stomata conductance during periods of high evaporative demand 
(Fletcher et al., 2007). 
PI 416937 and PI 471938 are two soybean plant introductions (PIs) that have been 
identified as slow wilting and drought tolerant under water stress conditions (Carter, 1999; 
Sloane et al., 1999; Fletcher, 2007; Sadok, 2012 ) and have been used as parents in order to 
incorporate drought resistance in high-yielding lines (Carter, 1999).  PI 416937 may possess 
several mechanisms for drought tolerance. A prolific rooting morphology contributes to 




QTL analysis conducted by Abdel-Haleem et al. (2011) identified five QTLs for fibrous roots in 
this PI.  In addition to its root system, the leaves of PI 416937 have a constant transpiration rate 
under high atmospheric vapor pressure compared with fast wilting lines which continue 
increasing their transpiration rate as vapor pressure deficit increased (Fletcher et al., 2007).  The 
other promising PI 471938 expresses slow-wilting but the origin of this trait is still unknown 
(Sadok et al., 2012). This PI also has a sustained N2 fixation activity under soil-drying conditions 
compared with other genotypes (Devi and Sinclair, 2013). Soybean genotypes differ in the speed 
and severity of canopy wilting under drought stress (Carter et al., 1999; Sloane et al., 1990). 
Similarly, King et al. (2009) confirmed that there is variability in canopy wilting among 
genotypes during water-deficit stress due to the conservation of soil water. 
Improving the ability to extract water from the soil profile by increasing the root depth 
may be associated with canopy wilting. Sinclair et al. (2010) used a soybean growth and yield 
simulation model in which water availability was increased to determine whether a relationship 
exists between the soil water extraction capacity and crop yield improvement. The results of this 
simulation showed that drought tolerant nitrogen fixation and slow-wilting are the most 
important traits to improve yield increases. 
Development of high-yielding and water-use efficient varieties is challenging because 
this trait is environment-dependent which makes it difficult to accurately determine the plant 
phenotype for desired traits. Physiological traits that are highly interactive with the environment 
require sophisticated, complex, and costly methods for phenotyping, which limits the number of 
breeding lines that can be evaluated. The screening of drought-tolerant genotypes in the field is 
difficult due to unpredictable rainfall. However, this evaluation is fundamental to make breeding 




and breeding is required to increase crop efficiency for water usage. 
Quantitative trait loci associated with nitrogen fixation and slow wilting 
Quantitative trait loci (QTL) are regions of the chromosome where genetic information of 
a polygenic trait is found. Molecular markers contribute to identify these QTLs, acting as tags 
because of their proximity to determined genes. The markers are located generally in non-coding 
regions of the DNA near to the trait gene and therefore, they do not affect its expression (Collard 
et al., 2005).  
The incorporation and stacking of prolonged nitrogen fixation and slow canopy wilting 
into enhanced lines can help to overcome water-deficit stress. Therefore, location of QTLs for 
canopy-wilting and nitrogen-fixation traits will help breeders to identify genes controlling 
drought-tolerance. The association between molecular markers and phenotypic traits can be used 
for selection in breeding programs. 
The crucial trait of interest of prolonged nitrogen fixation can provide the nitrogen 
required during the pod filling and improve the yield under drought conditions. Hwang et al. 
(2013) identified five QTLs for ureide concentration in a population from the cross between 
contrasting parents ‘KS4895’ and ‘Jackson’, both with highly diverse ureide concentrations. The 
five QTLs were identified and mapped on chromosomes 6, 9, 13(2), and 19. These markers 
explained between 11 and 31% of the phenotypic variation for the trait. In the same study, four 
QTLs associated with nitrogen concentration were detected. Three of these QTLs were mapped 
on chromosome 13 and the other on chromosome 16, representing 11 to 24 % variation for 
nitrogen concentration. In a more recent study, Ray et al. (2015) used 374 soybean accessions in 
four environments to identify new loci associated with shoot ureides. They reported 53 putative 




located near two of the QTLs reported previously by Hwang et al. (2013) on chromosomes 13 
and 19. A total of 30 loci identified in this study were located near genes encoding function 
involved in ureide metabolism. 
The second important trait in the development of drought tolerant lines is slow canopy 
wilting. Although more studies had been conducted in the last two decades, slow-wilting 
mechanism is not yet completely understood and few reports are available on QTLs associated 
with drought tolerance in soybean (Table 1). Among those, Charlson et al. (2009) identified four 
putative QTLs on chromosomes 8, 13, 14, and 17 in a population derived from KS4895 x 
Jackson cross. Similarly, Abdel-Haleem et al., (2012) identified seven QTLs associated with 
canopy-wilting using multiple interval mapping in a population derived from the cross PI 416937 
x Benning. These mapping studies confirmed the polygenic nature of the slow-wilting trait. 
However, these previously mentioned studies were genotyped only with SSRs which make it 
difficult to compare diverse genetic backgrounds. Furthermore, Hwang et al. (2015) used SSRs 
and SNPs markers to identify QTLs associated with slow canopy wilting in five different 
populations. They reported nine QTLs for slow wilting present at the minimum of two 
populations. The results confirm a QTL for slow wilting that was previously reported by 
Charlson et al. (2009) on chromosome 17. Additionally, two QTLs identified on chromosomes 2 
and 5 have a common position as those QTLs previously reported by Abdel-Haleem et al. 
(2012). 
Drought indices 
The evaluation of lines for drought tolerance under field conditions is challenging due to 
the fact that drought is unpredictable through the years. However, the evaluation of the materials 




irrigation and less yield reduction under drought is an effective approach in identifying drought 
resistance in soybean. 
There are several indices that measure the difference of genotypes under favorable and 
stress conditions. An index typically is a single number than can help the breeding program as a 
valuable criterion to select drought tolerant materials. One index used in this study is the “yield 
reduction index” and it is calculated by the difference of yield under irrigation and drought, 
divided by the yield in irrigation and multiplied by 100. Another promising index ,“drought 
index” is obtained by dividing the yield in irrigation by the yield in drought and multiplied by 
100 (Pathan et al., 2014). These two indices contribute to test the ability of genotypes to perform 
stably and productively in irrigated and drought-stressed environments. For regions without 
irrigation systems or in dry years, selection of genotypes with high drought index and low yield 
reduction can be useful.  
Traditional breeding incorporates desirable traits from different germplasm, and 
molecular tools simplify the identification of important genes related to genetic networks in 
drought tolerance traits. The utilization of both traditional breeding and marker-assisted selection 
contribute to improve drought tolerance in soybean cultivars. It is important to develop high-
yielding, drought-tolerant lines that can withstand water-stress conditions without significant 
yield reduction.  
In our research program we validate if the selection of lines with high yield with 
irrigation in the preliminary stage is a positive predictor of the performance of these lines 
under drought and irrigated conditions. In a subsequent chapter we confirmed the QTLs 
presence and analyzed its relationship with shoot ureide concentration, shoot nitrogen 




The first hypothesis of the present research was that yield differentials among genotypes 
with and without irrigation represent true genetic drought tolerance selection under drought and 
should be effective. In chapter 2 we conducted a selection of 87 advanced lines using a field 
screening method under irrigated and drought conditions.  
The second hypothesis was that slow-wilting and nitrogen fixation are controlled by 
QTLs that can be combined using marker assisted selection (MAS). In chapter 3 we evaluated 
the ability of the QTLs to predict phenotype, shoot nitrogen concentration, shoot ureides and 
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type Chromosome Reference 
N2 fixation-  
Shoot N 
Jackson x KS4895 SNP 13, 16 Hwang et al., 2013 
N2 fixation- 
Ureides 





SNP 1,2,3,4,5,6,7,9,10,11,12,13,14,15,16,18,19,20 Ray et al. 2015 
Slow canopy 
wilting 
Jackson x KS4895 SSR 8, 13, 14, 17 Charlson et al., 2009 
Slow canopy 
wilting 
Benning x PI 416937 SSR 2, 4, 5, 12, 14, 17, 19 




KS4895 x   Jackson SSR & SNP 2, 5, 8, 14, 17 Hwang et al., 2015 
KS4895 x   Jackson SSR & SNP 11, 17, 19 Hwang et al., 2015 
KS4895 x PI 424140 SSR & SNP 11, 17,19 Hwang et al., 2015 
A5959 x PI 416937 SSR & SNP 2, 11, 14, 17 Hwang et al., 2015 













Table 2. Previously reported molecular markers/QTL associated with shoot nitrogen and shoot ureides content of soybean (Hwang et 
al., 2013). 
Trait Marker type Chr. Position cM Marker Source/Mapping populations 
Shoot ureide 
SNP 6 2 ss107924020 
Jackson x KS4895 
SNP 9 65.8 ss107928760 
SNP 13 9.5 ss107915800 
SNP 13 79 ss107914640 
SNP 19 117.5 ss107913933 
SNP 19 124.3 ss107913069 
Shoot nitrogen 
SNP 13 11.5 ss107924542 
  Jackson x KS4895 
SNP 13 49.6 ss107912991 
SNP 13 80 ss107914640 
SNP 16 126.5 ss107916233 









Table 3. Previously reported molecular markers/QTL associated with shoot ureides of soybean 




Chr. Position bp Marker 
Shoot ureide SNP 1 50063918 ss715580071 
SNP 2 708417 ss715583823 
SNP 2 11495939 ss715581015 
SNP 2 43532821 ss715582594 
SNP 2 47853972 ss715583145 
SNP 3 2153378 ss715584759 
SNP 3 7856828 ss715586962 
SNP 3 20637413 ss715584721 
SNP 3 25157184 ss715584904 
SNP 3 26087333 ss715584929 
SNP 3 35465638 ss715585337 
SNP 3 44514931 ss715586306 
SNP 3 46055685 ss715586464 
SNP 4 8293234 ss715589403 
SNP 5 990860 ss715592660 
SNP 5 34062898 ss715590995 
SNP 5 38950372 ss715591699 
SNP 6 19735501 ss715593834 
SNP 6 21246909 ss715593885 
SNP 6 39539890 ss715594357 
SNP 7 14463247 ss715596242 
SNP 7 36898121 ss715597481 
SNP 9 4668353 ss715605038 
SNP 10 2222491 ss715605875 
SNP 10 4626579 ss715607632 
SNP 10 38989319 ss715606803 
SNP 10 44087050 ss715607408 
SNP 11 870600 ss715611260 
SNP 11 5189874 ss715610836 
SNP 11 35340289 ss715610165 
SNP 12 2293554 ss715611822 
SNP 12 34883880 ss715612491 
SNP 13 3640040 ss715615937 
SNP 13 23553775 ss715614152 









Chr. Position bp Marker 
Shoot ureide SNP 14 3648283 ss715618524 
SNP 14 5784050 ss715619708 
SNP 14 46425097 ss715619138 
SNP 14 47798437 ss715619360 
SNP 15 14589880 ss715620804 
SNP 15 15742691 ss715621024 
SNP 15 33766611 ss715621644 
SNP 16 7185085 ss715625421 
SNP 18 458242 ss715630642 
SNP 18 3941529 ss715630474 
SNP 18 47770640 ss715630773 
SNP 18 51128392 ss715631152 
SNP 18 57431519 ss715631865 
SNP 19 46011915 ss715635554 
SNP 19 46822681 ss715635623 
SNP 20 1489483 ss715636704 
SNP 20 35635277 ss715637738 

















Slow wilting SSR 8 - Sat_319 
Jackson x KS4895 Charlson et al., 2009 
SSR 13 - Satt362 
SSR 14 - Satt577 
SSR 17 - Satt372 
SSR 2 63.5 Satt296 
Benning x PI 416937 Abdel-Haleem et al., 2012 
SSR 4 36.9 Satt646 
SSR 5 8 Satt276 
SSR 12 56.8 Satt302 
SSR 14 74.2 Satt066 
SSR 17 20.2 Satt135 
SSR 19 55.7 Satt462 
SNP 2 28.4 ss107929458 
Jackson x KS4895 Hwang et al., 2015 
SNP 6 113.1 ss107914184 
SNP 17 44.7 ss107913401 
SNP 11 55.6 ss107919087 
SNP 17 41.6 ss107913739 
SNP 19 76.8 ss107912574 
SNP 11 76.2 ss107913846 
KS4895 x PI 424140 Hwang et al., 2015 SNP 17 109.3 ss107921643 


















Slow wilting SNP 2 89.6 D1BMK29 
A5959 x PI 416937 Hwang et al., 2015 
SNP 8 90.5 A2MK42 
SNP 9 4.5 KMK2 
SNP 9 84.2 KMK54 
SNP 11 66.9 B1MK11 
SNP 14 22.6 ss107913675 
































Drought causes significant yield reductions in soybean and irrigation is not always 
feasible due to high cost and limited availability of water. There is a need to develop other 
strategies to minimize drought effects. Developing drought-tolerant cultivars is an effective 
alternative for combating the drought stress. Lower yield reductions and slow canopy 
wilting traits play an important role in the evaluation of lines and cultivars. Most of the 
breeding programs select drought tolerant materials under irrigation, a favorable high yield 
environment so their potential commercial performance can be evaluated. This approach 
will not be able to assess the true potential of lines under stressed conditions on marginal 
land or in dryland situations.  Consequently, field screening under drought and irrigated 
conditions is necessary to detect drought tolerant genotypes. 
Eighty-six breeding lines derived from three drought populations were evaluated 
with and without irrigation in 2014 and 2015. Under drought treatment, lines were scored 
for canopy wilting at the beginning of the reproductive stage. Yield and other agronomic 
characteristics were measured at the end of the growing season. Yield reduction by drought 
and drought index were calculated to compare the genotypic behavior under irrigated and 
non-irrigated conditions. Four distinct genotype groups with differential yield responses 
under irrigation and drought conditions were found: high yield potential / high yield 
reduction; high yield potential / low yield reduction; low yield potential / high yield 
reduction; and low yield potential / low yield reduction. In general, high-yielding lines 
showed not only high yields under irrigation but also better yields in dryland conditions. 
Most of the high-yielding lines showed higher yield reduction from drought. However, 




of performance so selection can be done towards less yield reduction for dryland 
conditions. A few high-yielding lines showed relatively low yield reduction by drought, a 
desirable characteristic for drought breeding. The selection of lines for drought tolerance 
based on high yield in preliminary stages is practical and efficient to predict high yielding 
lines. Advanced lines can be evaluated under irrigated and non-irrigated conditions for their 





Crop yield is often limited by water availability (Sinclair 2011). The limited 
accessibility of water and the high cost of the irrigation systems are not a viable option to 
manage drought stress in many cases. Alternative strategies are necessary to minimize 
drought effects. Development of drought-tolerant cultivars can help reduce the detrimental 
effects of drought in dry growing seasons. One effective approach is to identify lines that 
yield well under irrigation and have less yield reduction under drought.  
Drought tolerance was previously defined as adaptation of the plants under drought 
conditions (Passioura, 2002). However, for the purpose of this study, drought tolerance is 
characterized as less yield reduction under drought conditions. In an applied plant breeding 
program a drought tolerant cultivar can be defined as a line with high yield under irrigation 
and low yield reduction under drought. Sloane et al. (1990) identified a soybean genotype, 
Plant Introduction (PI), PI416937, which exhibited less yield reduction under drought 
conditions and also had a slow wilting trait present. Oya et al. (2004) also found cultivar 
differences in drought tolerance in Brazilian cultivars based on yield across two years. 
Several traits can contribute to mitigate drought stress such as prolonged nitrogen 
fixation, slow canopy wilting, and deeper roots systems (Sinclair et al., 2008). Slow canopy 
wilting is a valuable trait that can improve drought tolerance, and it is the primary visual 
symptom observed in a crop under water-deficit conditions (Charlson et al., 2009). 
Genotypes often differ in the severity of canopy wilting symptoms, which in turn 
constitutes selection criteria for breeders (King et al., 2009) (Figures 1 and 2). In addition, 
reduction of leaf surface area and closing stomata under drought contribute to a reduction  
of transpiration allowing soil water conservation (Sloane, 1990). The PI 471938 has been 




conditions (Carter et al., 1999) and has been used as parent in breeding for drought 
tolerance. Devi and Sinclair (2013) showed that PI 471938 can sustain leaf turgor pressure 
under drought conditions, delaying the accumulation of nitrogen compounds in the shoot 
of the plant.  
A cultivar Jackson (PI548657), characterized for having low ureides and nitrogen 
concentration (Johnson, 1958), was hybridized with a high-yielding line KS4895 
(PI595081)(Schapaugh and Dille, 1998). The population of recombinant-inbred lines (RILs) 
from this cross was studied for the prolonged nitrogen fixation trait by Charlson et al. (2009). A 
breeding line R01-581F derived from a KS4895 x Jackson cross was developed and released 
for yield and sustained nitrogen fixation trait at the University of Arkansas (Chen et al., 2007).  
R01-581F has a competitive yield compared to commercial checks under moderate drought 
conditions (Sinclair et al., 2007).  
In order to select drought tolerant materials, an index can be a helpful measurement to 
consider. The “% yield reduction index” and “drought index” represent the ability of 
genotypes to produce on dryland compared to irrigated conditions. Pathan et al. (2014) 
calculated the drought index as [(yield under drought / yield under irrigation) x 100] and 
reported that the drought indexes were higher in PIs (95.4 and 88%) compared to check 
cultivars (67 and 75%) due to the drought tolerant ability of the former ones. 
 A field measurement, normalized difference vegetation index (NDVI), is also useful 
in the selection of lines for drought tolerance. The normalized difference vegetation index 
(NDVI) is a numerical indicator that measures the plant reflectance at specific wavelengths 
using near infrared and red light (Rouse et al., 1973). This is a useful tool to predict 
photosynthetic activity, leaf area index, and amount of biomass. Verhulst and Goaverts 




periods of drought in wheat crop. The GreenSeeker™ handheld optical sensor is a reliable 
device that contains its own light source, allowing measurements throughout the day. This 
device is easy to carry, which allows the whole row area to be measured. The use of sensors 
to predict grain yield have been extensively studied in crops such as corn and wheat 
(Gitelson, 2004). These sensing tools can potentially be incorporated in field screening for 
the identification of drought-tolerant lines. 
Physiological traits such as slow wilting and yield are challenging to phenotype 
as they are highly dependent on the environment. However, collection of such field data 
is extremely important and the data is relevant and meaningful for breeders to make 
selections. Therefore, field screening methods need to be improved to develop and 
identify new drought-tolerant, high-yielding lines. Current method used in most breeding 
programs encompasses selection of high-yielding lines exclusively under irrigation. 
However, in Arkansas selections are performed under irrigation in preliminary stages and 
then selected lines are further evaluated on dryland and under irrigated conditions. 
We hypothesized that there are differential yield responses among genotypes with 
or without irrigation and this differential response represents true genetic drought tolerance 
that could be used to select the best lines with high yield and drought tolerance. The 
objective of this experiment was to validate whether the selection of high-yielding lines 
with irrigation in the preliminary stage is a positive predictor of the performance of these 




Materials and Methods 
Plant population and breeding line selection 
 
Eighty-six breeding lines derived from three drought populations were used for this 
study. The 86 lines were grouped in three tests (MD1-3), each containing 28 to 29 lines 
from each population.  
The test designated MD-1 contains 29 lines from the cross R07-7046 x R07-
6884. R07-7046 was originated from the cross Lonoke x NTCPR94-5157, and it is 
expected to carry the slow wilting trait derived from NTCPR94-5157.  R07-6884 was 
derived from the cross AC Comoran x N98-7265 and is expected to carry the N2 
fixation trait derived from PI 471938 through the line N98-7265. The test MD-2 
included 28 lines from the cross R06-43 x R02-6268F. R06-43 was derived from the 
cross PI 471931 x Ozark and is expected to carry the slow wilting traits from PI 
471931. R02-6268F was originated from the cross KS4895 x Jackson, with Jackson 
being the original N2 fixation trait donor. The test MD-3 consisted of 29 lines derived 
from the cross R07-7232 x R01-581F. R07-7232 was derived from the cross R97-1634 
x PI 471938, with PI 471938 being the donor of the N2 fixation trait. R01-581F was 
originated from the cross Jackson x KS4895, and Jackson is the donor of the N2 fixation 
trait (Table 1). 
These three populations were developed in the University of Arkansas Soybean 
Breeding Program by crossing parents with slow-wilting and nitrogen fixation traits in 
the pedigree. Crosses were made in the summer of 2008 for MD-2, and summer of 2009 
for the other two populations. The breeding populations were advanced from F2 to the 
F4 generation using a modified single-pod descent method (Fehr, 1987). In each 




picked, bulked, and threshed. A seed sample from the bulked seed was planted for 
generation advancement. Plants from F2 to the F4 generation were grown at the 
Arkansas Research and Extension Center affiliated with the University of Arkansas in 
Fayetteville, AR. In fall 2012, F4 single plants were selected based on overall plant 
appearance and maturity and threshed separately. Subsequently, F4:5 lines were grown 
and evaluated in 3m progeny rows in Stuttgart, AR under irrigation in 2013. Thirty F4:5 
progeny rows from each population were randomly picked (no selection), and each 
progeny row was harvested separately and sent to a winter nursery in Costa Rica to 
increase seed amount. In 2014 and 2015, these lines were grown in two environments 
(irrigated and dryland conditions) in Stuttgart, AR and on dryland in Sandhills, NC (Fig 
3).  In North Carolina location in 2014, severe drought after planting caused a poor 
seedling emergence; as a result, the experiments were lost.  The three populations had 
maturity group V. 
Field experiments were conducted during 2014 and 2015 at the Rice Research and 
Extension Center at Stuttgart, AR (34°30′ N, 91°33′ W), on a Crowley silt loam soil (fine, 
montmorillonitic, thermic Typic Albaqualfs), and at the Sandhills Research Station, at 
Windblow, NC (35° 11’N, 79° 41’ W), on a Candor sand soil (sandy, kaolinitic, thermic 
Grossarenic Kandiudalts). Each population was grown as a separate study. Test locations 
were selected because of their soil uniformity, which allows taking accurate wilting rates 
under field conditions (King A. and T. Carter, personal communication, 2013). 
At the Arkansas and North Carolina locations, each test was established in a 
randomized complete blocks experimental design (RCB), with three replications. Plots in 
Stuttgart, AR consisted of 4 rows, 4.6 m long and 0.76 m wide, and the two center rows 




and 96 cm wide, and the center row was harvested for yield evaluation. Seeds were planted 
at a density of 33 seeds/m2 at both locations. At Stuttgart the planting date was May 23 in 
2014 and June 11 in 2015. In 2015, a severe period of drought caused reduced emergence, 
which was followed by heavy rains 2 weeks after planting that caused a soil surface crust. 
A rotary hoe was used to help the seedlings emerge. Pre-plant herbicides (Metribuzin and 
S-metolaclor) were used to control weed species. 
The PI 471938 was included as a check with the slow wilting trait because this line 
is an ancestor of two of the populations (MD-1 and MD-3). Similarly, the released line 
R01-581F with drought tolerant nitrogen fixation trait was included as an indicator of yield 
reference for population MD-3. Unfortunately, the parents of the other populations were 
not planted due to the poor quality of the seed caused by the malfunctioning of the cold 
storage where they had been kept.  
Irrigation treatments 
Two irrigation treatments were applied. Each test was planted under full irrigation 
and rain-feed (drought) conditions, side by side in each location. Before blooming, plots 
were irrigated as required using furrow irrigation. The drought treatment was initiated 
right after full bloom (R2 growth stage) when irrigation was restricted to produce drought 
conditions. The drought condition was maintained until maturity. 
Canopy wilting scores 
 Canopy wilting rate was estimated visually on the two center rows of each plot, 
based on a scale of 0 to 100 (0 = no wilting, 40 = moderate wilting, 60 = severe wilting, 
and 100 = plant death) (King et al., 2009) between late-July and early-September, during 
water-deficit stress coinciding with starting at the R2 to R5 stages of plant growth (Fehr 




and calm days between noon and 3:00 PM. A minimum period of 10 days without any 
precipitation was required in order to observe canopy wilting symptoms. Canopy wilting 
was rated four times between July1 29 and September, 10 in 2014, and two times: 16 
August and 9 September in 2015. The fast wilting line Asgrow 5959 was included in each 
test as a reference for wilting scores. 
Yield and agronomic data 
In addition to canopy wilting scores, agronomic data including plant height, 
physiological maturity date, lodging, 100-seed weight, and yield were assessed. Plant 
height was measured at maturity as the distance from the soil surface to the top of the 
plant. Physiological maturity date was recorded as days from planting to the date when the 
R7 stage was reached (Fehr and Caviness, 1977). Lodging was determined at maturity by a 
visual scale of 1 to 5 units (1 = no lodging, 5 = severe lodging). Average seed weight was 
determined by the weight of 100 seeds.  
Percent of yield reduction and drought index 
Drought indexes were calculated based on irrigation and drought yield.  The 
percentage of yield reduction was determined using the equation: 
 
% yield reduction = yield under irrigation – yield on dryland   x 100 
                                                      Yield under irrigation 
 
The “drought index” was determined as reported by Pathan et al. (2014) using the equation: 
Drought index = yield on dryland          x 100 
                           yield under irrigation 
 
 Lines were clustered in four possible combinations of yield performance with and 




 High yield potential and high yield reduction 
 High yield potential and low yield reduction 
 Average/low yield potential and high yield reduction 
 Average/low yield potential and low yield reduction. 
Yield potential is defined as the yield of a line grown under irrigation. The difference 
between yield potential and the yield under drought conditions represents yield reduction by 
drought. The MEANS/LSD procedure in SAS 9.3 (SAS Institute Inc. 2011, Cary, NC) was 
used to test the average of yield potential and yield reduction for each genotype and to 
determine the differences between genotypes. The different categories  of yield potential 
and yield reduction was determined using the mean of the population ± standard deviations 
(SD). Genotypes with yield potential falling into the scale of (Mean + SD) were classified 
as high yield potential while genotypes with yield falling into the scale of (Mean – SD) 
were classified as low yield potential. Similar criteria was used to stablish categories for 
yield reduction (Table 8). 
NDVI data 
In 2015 at Stuttgart location, NDVI data were taken using a Trimble GreenSeeker™ 
handheld crop sensor in each row of all the plots of irrigation and dryland treatments. The 
measurements were taken at the same time that wilting scores were measured coinciding 
with starting at the R2 to R5 stages of plant growth (Fehr and Caviness, 1977) .  
Data analysis 
Data for yield and wilting were analyzed by analysis of variance (ANOVA) with a 
general linear model using the PROC MIXED in SAS 9.3 (SAS Institute Inc. 2011, Cary, 
NC) statistical software package. The statistical model included the effects of irrigation 




genotype x irrigation treatment interaction. Irrigation treatment, genotype, and genotype x 
irrigation treatment interaction were considered fixed and replication within irrigation 
treatment was considered as a random effect. Means were separated by Fisher’s protected 
least significant difference (LSD, P = 0.05). Correlation analysis was conducted using 
PROC CORR to evaluate genotype per rating date, genotype per location, and yield per 
wilting interaction. The NDVI data were analyzed with PROC MIXED in SAS 9.3 and the 






As the lines selected for this study had similar maturity (group V), the wilting scores and 
harvesting were easy and straightforward. Yield under drought and irrigation showed a 
normal distribution across 2014 (Fig. 4.1) and 2015 (Fig. 4.2) with significantly different 
means and almost no overlapping in distribution. The combined run of the two conditions, 
drought and irrigation showed a distinct spread distribution across the yield range. Irrigated 
yield data were clustered around a larger value. In contrast, dryland yields showed a 
separate clustered distribution with a smaller mean as expected.  
Analysis of variance for yield under irrigated and drought conditions is shown for each 
population in Tables 2, 3 and 4. In both years, irrigation treatment and genotype were 
statistically significant (p<0.01) in all three populations except for the genotype effect for 
MD-1 in 2015. Genotype x irrigation treatment effect was not significant for any of the 
three populations.  
Means for yield under irrigation and drought, percentage of yield reduction, and 
drought index for the three populations in 2014 and 2015 are showed in Table 5 and 6, 
respectively. Drought caused an obvious decrease in seed yield. Yield reduction ranged 
from 14 to 42% in 2014 and from 16 to 49% in 2015. The drought index ranged from 75 to 
80% in 2014 and from 64 to 71% in 2015. On average, drought caused a 941.5 kg ha-1 
(22.9%) yield reduction in 2014 and 1,028.9 Kg ha-1 (32.5) yield reduction in 2015 across 
three populations. Across population, differences in yield reduction among lines ranged 
from 19-25% in 2014 and from 29-31% in 2015, which allowed separation of lines into 
different classes.  
Lines were grouped into four possible combinations based on yield potential under 




9). The four group combinations are: high yield potential & high yield reduction, high 
yield potential & low yield reduction, low yield potential & high yield reduction, and low 
yield potential & low yield reduction (Fig. 5). From the 29 lines analyzed in the population 
MD-1 in 2014, one line showed yield potential with a low yield reduction. Similarly, one 
line with high yield potential and low yield reduction was found in MD-2 and five lines for 
MD-3. In 2015, MD-1, MD-2, and MD-3 had two, three, and one line with high 
potential/low yield reduction, respectively (Fig 6.1-3). These lines would be the ideal type 
as candidates to consider for release as stable cultivars for either irrigated or dryland 
farms.  
Analysis of variance for yield reduction showed that the genotype was statistically 
significant (p<0.001) in all three populations and the estimated narrow-sense heritability 
(h2) on the entry mean basis ranged from 0.87 to 0.94 (Table 10). Therefore, selection 
among lines based on % yield reduction would be feasible and efficient in identifying 
drought tolerant genotypes. 
Wilting scores were normally distributed across years (Figs. 7.1 and 7.2), indicating 
that canopy wilting is a quantitative trait controlled by multiple genes/QTLs with small 
effects and influenced by environment. 
Canopy wilting was evaluated in Stuttgart during the two consecutive growing 
seasons (2014 and 2015). In 2015, the three populations were also evaluated in North 
Carolina. Correlation coefficients for canopy wilting of genotypes between both locations 
and years ranged from r= 0.15 to 0.70, suggesting that genotypic differences of canopy 
wilting were consistent for years and locations (Table 12, Fig. 8). Therefore, selection for 





The NDVI difference was significant for irrigation treatment, but not significant 
among genotypes.   Irrigation treatment x genotype interaction showed a significant effect 
in MD-1 (p<0.01) and MD-2 (p<0.003), but not in MD-3 (p<0.13). The values of NDVI 
ranged between 0.54-0.73 and remained similar among lines for all three populations 









Yield is a main target trait for soybean breeding. Drought tolerance represents less yield 
loss under water-deficit conditions and it is an excellent option for the unpredictable weather 
conditions. Breeding trials are generally carried out under irrigated conditions. Although the 
yield is high with irrigation, it decreases significantly when plants are subjected to water-deficit 
stress. In this study, drought conditions decreased the yield of all the lines evaluated in three 
drought tolerance populations and the yield reductions ranged from 14 to 54% compared to yield 
of the same lines under irrigation. The average yields for the three populations were higher in 
2014 than in 2015 (Tables 5 and 6) due to the difference in the precipitations during the late 
growing seasons (Table 11). Weather data showed that Stuttgart experienced more rainfall 
during August and September in 2014 than in 2015. 
No significant genotype by irrigation effect was observed in these populations, indicating 
that the responses of the genotypes were similar across the irrigated and drought conditions. 
Extreme genotypes (high yield and low yield) showed the same trend. For example, the top high 
yielding lines had higher yields under both conditions, whereas low-yielding lines showed lower 
yields also in both conditions, irrigation and dryland. These results appear to support the 
common practice that breeders take to select high yielding lines under irrigated conditions and 
expect that the selected lines will also do well under non-irrigated conditions. However, the 
range of yield reduction vary among lines in the high yielding group or low yield potential 
group, suggesting that selection is possible and may be effective for identifying genotypes with 
highly sustainable yields under drought stress.    
High-yielding lines tended to have high yields under irrigated and dryland conditions 
when stress was imposed during the reproductive period. Most of the high yielding lines showed 




lines generally exhibited smaller yield reduction under drought. However, there were variations 
in yield reductions within a same group of lines, therefore, selection is possible for less yield 
reduction under drought. In the high-yielding group, some of the lines showed less yield 
reduction by drought such as R13-12198 in MD-1 population in 2014 and 2015 (Figures 6.1). 
Lines like R13-12198 with high yield potential and low yield reduction by drought over years are 
considered drought tolerant lines and may be useful source of yield advantage under drought 
stress. 
Genotypic differences in canopy wilting were similar across populations and years in 
Stuttgart (Table 12). Although the scale used for canopy wilting scores was different in North 
Carolina, the general trend of the wilting value for each genotype was consistent. Canopy wilting 
differed among lines, which is in agreement with a previous report (King et al., 2009). However, 
wilting scores were not correlated with yield differences under water-deficit stress in this study. 
In order to show the consistency of genotypes, wilting scores were compared between rating 
dates in 2014 and 2015 (Figure 8). Regression analysis showed a significant linear relationship 
(r2= 0.41) between the two rating dates in 2014 and 2015. Obviously, canopy wilting is a stable 
trait and the score system worked well. PI 471938 had the lowest wilting genotype whereas the 
commercial cultivar AG 5959 was one of the fastest wilting genotypes. However, this trait may 
not contribute to yield under drought stress. 
The average drought indices ranged from 75 to 80 in 2014, and from 64 to 71 in 2015. 
Therefore, breeding lines can be easily separated using the drought index in selection for 
differential yield reduction. In a previous study, Pathan et al. (2014) showed values of 88 and 92 
for drought tolerant lines and values of 68 and 75 for check lines. In practice, drought index can 




The lines studied responded similarly in high canopy density and had similar NDVI 
values. This can be explained by the saturation level of NDVI under a high canopy density (LAI 
3.5 – 4) in developmental stage R5. Similarly in a previous study, Gitelson (2004) reported that 
with a LAI between 2 and 6 the NDVI showed an invariable value of 0.8. Evidently, NDVI 
cannot be used as a selection index for drought tolerance in soybean. However, NDVI is very 
sensitive to detect stress as indicated by the significant differences between irrigation and non-
irrigation treatments in this study. 
Drought is highly unpredictable and drought tolerance is a very complex trait that may 
involve various biological, genetic, physiological, and biochemical processes. Several traits have 
been studied and found beneficial to plants in response to drought stress, including slow canopy 
wilting, fibrous and deep rooting, and prolonged nitrogen fixation. However, the mechanism of 
drought tolerance is not clear and it is not known if these favorable traits truly contribute to 
drought tolerance and seed yield. In practice, a cultivar with good yield potential and low yield 
reduction can have advantages for farmers. This type of genotypes not only can produce high 
grain yield under irrigation or with adequate rainfall but also generate acceptable profits when 
grown in a moderate dry season. Results from this study suggest that selection based on yield 
differential under irrigated and non-irrigated conditions could result in lines with high yield 







Drought stress reduced the yield of the lines by one third to a half when compared to 
yield under irrigation. Four distinct genotype groups with differential yield responses under 
irrigation and drought conditions were identified: 
High yield potential / high yield reduction 
High yield potential / low yield reduction 
Low yield potential / high yield reduction  
Low yield potential / low yield reduction 
High-yielding lines tended to have high yields under irrigated and dryland conditions. 
High yielding lines had larger yield reduction in response to drought. Low-yielding lines 
generally exhibited smaller yield reduction under drought. However, there was a range of 
different yield reductions among lines and several high-yielding lines had low yield reduction in 
response to drought. Few high-yielding lines exhibited less yield reduction by drought in both 
years. These types of lines are the ones that the breeders are looking for, and they can be an 
advantage for the farmer. They not only can produce profitable grain yield in years with 
abundant precipitation or with irrigation systems, but also produce reasonable yields in dry 
years, a yield advantage under drought stress. Selection of lines for drought tolerance based on 
high yield in preliminary stages is practical and efficient to predict high yielding lines. Wilting 
scores and NDVI data were not associated with yield under drought in this study and therefore 
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Table 1. Pedigree of three different soybean populations selected for the field experiment. 
Population Pedigree Maturity 
Group 




MD-1 R07-7046 x R07-6884 V R07-7046: Lonoke x NTCPR94-5157 
R07-6884: Ac Comoran x N98-7265 
NTCPR94-5157: Davis x N73-1102 
N73-1102: Tracy x Rawson 
N98-7265: Hutcheson x PI 471938 
12.5 % PI 471938 “Davis” 
12.5 % PI 471938 
MD-2 R06-43 x R02-6268F V R06-43: PI 471931 x Ozark 
R02-6268F: KS4895 x Jackson 
25 % Jackson 25% PI 471931 
MD-3 R07-7232 x R01-581F V R07-7232: R97-1634 x PI 471938 
R97-1634: P9592 x Holladay 
R01-581F: Jackson x KS4895 
25 %  PI 471938 
25 % Jackson 
25 % PI 471938 







Table 2. Analysis of variance for yield of MD-1 population derived from the cross R07-7046 x 
R07-6884 grown in Stuttgart in 2014 and 2015. 
  2014 2015 
Source df† F value p-value df† F value p-value 
Irrigation trt 1 300.3 <.0001 1 30.1 0.0050 
Replication(Irrigation trt) 4 2.3 0.0653 4 5.2 0.0008 
Genotype 28 4.4 <.0001 28 1.3 0.1892 
Irrigation trt*Genotype 28 1.2 0.2216 28 0.6 0.9356 
Error 112     99     






Table 3. Analysis of variance for yield of MD-2 population derived from the cross R06-43 x 
R02-6268F grown in Stuttgart in 2014 and 2015. 
  2014 2015 
Source df† F value p-value df† F value p-value 
Irrigation trt 1 322.8 <.0001 1 142.9 0.0003 
Replication(Irrigation trt) 4 2.6 0.0402 4 1.8 0.1312 
Genotype 27 8.4 <.0001 27 3.3 <.0001 
Irrigation trt*Genotype 27 1.5 0.0709 27 0.9 0.9250 
Error 108     103     






Table 4. Analysis of variance for yield of MD-3 population derived from the cross R07-7232 x 
R01-581F grown in Stuttgart in 2014 and 2015. 
  2014 2015 
Source df† F value p-value df† F value p-value 
Irrigation trt 1 84.9 0.0008 1 37.3 0.0036 
Replication (Irrigation trt) 4 5.8 0.0003 4 4.2 0.0035 
Genotype 28 4.5 <.0001 28 2.5 0.0005 
Irrigation trt *Genotype 28 1.5 0.0770 28 1.1 0.3522 
Error 112     109     









Table 5. Average and range (in parenthesis) of yield, yield reduction, and drought index of the 
three soybean populations evaluated in irrigated and non-irrigated conditions in 2014. 
 
  MD - 1 MD - 2 MD - 3 
Irrigation 
(Kg ha-1) 
4102 4190 4163 
(3537 – 4761) (3443 – 4755) (3665 – 4748) 
Dryland 
(Kg ha-1) 
3094 3194 3336 




(14 – 35) 
24 








(65 – 86) 
80 
(71 – 92) 
† Yield reduction was calculated as [(yield under irrigation - yield under drought) / yield under 
irrigation] x 100 





Table 6. Average and range (in parenthesis) of yield, yield reduction, and drought index of the 
three soybean populations evaluated in irrigated and non-irrigated conditions in 2015. 
  MD - 1 MD - 2 MD - 3 
Irrigation 
(Kg ha-1) 
3060 3120 3309 
(2455 – 3652) (2125 – 3706) (2112 – 4311) 
Dryland 
(Kg ha-1) 
1964 2159 2287 




(20 – 49) 
34 
(22 – 45) 
35 
(16 – 47) 





(52 – 93) 
71 
(53 – 91) 
† Yield reduction was calculated as [(yield under irrigation - yield under drought) / yield under 
irrigation] x 100 





Table 7. Descriptive statistics for yield potential (Kg ha-1) and yield reduction (%) of the three 
populations evaluated under irrigated and non-irrigated conditions in 2014 and 2015. 
 
Variable  Year† Population 
No. 




MD-1 29 4102 3538 - 4761 2.33 
MD-2 28 4190 3443 - 4755 2.24 
MD-3 29 4163 3665 - 4748 2.32 
2015 
MD-1 29 3060 2455 - 3652 5.41 
MD-2 28 3120 2125 - 3706 3.96 




MD-1 29 25 14 - 35 1.90 
MD-2 28 24 18 - 42 1.43 
MD-3 29 21 12.0 - 31 1.45 
2015 
MD-1 29 36 20 - 49 2.66 
MD-2 28 35 22 - 45 2.41 
MD-3 29 35 16 - 47 3.01 
† The same experiment was conducted twice in 2014 and 2015 
‡ Standard deviation 
§ Yield reduction was calculated as [(yield under irrigation - yield under drought) / yield under 









Table 8. Summary yield potential (kg ha-1), yield reduction (%), and wilting scores and range (in 
parenthesis) of lines from the three populations evaluated in 2014. 
 
Population Yield Potential† Yield Reduction† No. Lines‡ Wilting Score 
MD1 
High  
(4257-4761 kg ha-1)  
High (26-35%) 5 24.0 (18-29) 
Low (14-23%) 1 22.0 (21-23) 
Low  
(3551-3947 kg ha-1) 
High (26-35%) 3 22.6 (19-27) 
Low (14-23%) 4 21.8 (20-25) 
MD2 
High  
(4338-4775 kg ha-1) 
High (25-42%) 3 27.0 (25-30) 
Low (18-22%) 1 24.0 (23-28) 
Low  
(3430-3900 ha-1) 
High (25-42%) 1 19.5 (18-21) 
Low (18-22%) 3 25.8 (23-31) 
MD3 
High  
(4304-4775 kg ha-1) 
High (22-31%) 4 25.0 (24-26) 
Low (12-19%) 5 23.0 (23) 
Low 
 (3631-3968 kg ha-1) 
High (22-31%) 2 24.2 (23-26) 
Low (12-19%) 3 23.9 (20-26) 
† Different types of categories for yield potential and yield reduction was determined as mean 
of the population ± standard deviations (SD) 





Table 9. Summary yield potential (kg ha-1), yield reduction (%), and wilting scores and range 
(in parenthesis) of lines from the three populations evaluated in 2015. 
 
Population Yield Potential Yield Reduction No. Lines‡ Wilting Score 
MD1 
High  
(3161-3632 kg ha-1) 
High (38-49%) 3 28.0 (25-32) 
Low (20-33%) 2 28.5 (26-31) 
Low  
(2421-2758 kg ha-1) 
High (38-49%) 2 21.0 (21) 
Low (20-33%) 2 28.5 (27-31) 
MD2 
High  
(3363-3699 kg ha-1) 
High (38-45%) 3 28.4 (24-31) 
Low (22-32%) 3 24.0 (24) 
Low  
(2556-2825 kg ha-1) 
High (38-45%) 3 24.4 (21-28) 
Low (22-32%) 2 25.5 (25-26) 
MD3 
High  
(3632-4304 kg ha-1) 
High (29-47%) 5 27.2 (24-29) 
Low (16-28%) 1 34.0 (34) 
Low  
(2085-2892 kg ha-1) 
High (29-47%) 3 30.7 (29-33) 
Low (16-28%) 3 28.6 (26-32) 
† Different types of categories for yield potential and yield reduction was determined as mean 
of the population ± standard deviations (SD) 




Table 10. Analysis of variance for yield reduction of the three populations in Stuttgart, AR in 
2014 and 2015. 
  MD-1 MD-2 MD-3 
  2014 2015 2014 2015 2014 2015 
Source p-value p-value p-value p-value p-value p-value 
Genotype <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
Replication 0.4057 0.7752 0.1371 0.3983 0.6771 0.2276 
Heritability† 0.87 0.94 0.93 0.88 0.92 0.91 
† Narrow-sense heritability on an entry basis was calculated as h2 = σ2A / [σ2 G + (σ2 / r)] where, 
σ2A represents the additive variance, σ2G represents the total genetic variance, σ2 represents the 




Table 11. Average monthly rainfall (in) in Stuttgart, AR in 2014 and 2015. 
Year May Jun Jul Aug Sep Oct 
Total growing 
season  
2014 6.41 7.22 2.06 2.54 1.48 4.77 13.3 
2015 7.45 2.85 3.83 1.2 0.28 3.75 8.16 






Table 12. Correlation coefficients, average, and range of canopy wilting in Stuttgart, AR in 2014 and 2015, and Sandhills, NC in 
2015. 
  MD-1 MD-2 MD-3 
Variables  1 2 3 1 2 3 1 2 3 
1. Stuttgart 2014 -   -   -   
2. Stuttgart 2015 0.70** -  0.15** -  0.45*** -  
3. Sandhills 2015 0.55*** 0.53*** - 0.39*** 0.21** - 0.29*** 0.53** - 
Mean 23 28 36 23 27 37 24 29 39 
Range 15-27 21-37 29-50 17-31 16-33 29-46 20-28 24-39 33-50 
*Significant at the 0.05 provability level 
**Significant at the 0.01 provability level  
***Significant at the 0.001 provability level       








Table 13. Analysis of variance of normalized difference vegetation index (NDVI) data at 
Stuttgart, AR in 2015. 
  MD-1 MD-2 MD-3 
Source df Pr > F df Pr > F df Pr > F 
Irrigation trt 1 0.01* 1 0.0003** 1 0.13 ns 
Genotype 28 0.30 ns 27 0.20 ns 28 0.09 ns 
Irrigation trt x Genotype 28 0.99 ns 27 0.96 ns 28 0.38 ns 
* Significant at the 0.05 probability level. 
**Significant at the 0.001 probability level. 
***Significant at the 0.001 provability level. 








Table 14. Average of normalized difference vegetation index (NDVI) of the three populations 
in Stuttgart 2015. 
  MD-1 MD-2 MD-3 
NDVI Mean Range Mean Range Mean Range 
Dryland 0.61 0.54 -0.68 0.63 0.57 - 0.69 0.63 0.55 - 0.70 
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Figure 2. Image of two adjacent soybean plots showing different canopy wilting. MD-2, 
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Figure 3. Soybean Breeding Scheme for Drought at the University of Arkansas.
1. F1-F4 generations 
2. Field and Winter nursery 
3. SPD and Mass selections 
4. Individual plant selection 
5. Maturity, height, lodging, 
shattering. 
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Figure 4.1. Combined Histogram of yield (Kg ha-1) in the three drought populations evaluated in 




































































Figure 4.2. Combined Histogram of yield (Kg ha-1) in the three drought populations evaluated in 




































































Figure 5.  Yield performance of two high-yielding lines and two low-yielding lines from MD-1 
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Figure 6.1. Yield reduction and yield potential of lines from population MD-1 in 2014 (a) and 
2015 (b). Soybean genotypes with high yield potential and low yield reduction are showed 








































































Figure 6.2. Yield reduction and yield potential of lines from population MD-2 in 2014 (a) and 
2015 (b). Soybean genotypes with high yield potential and low yield reduction are showed 



































































Figure 6.3. Yield reduction and yield potential of lines from population MD-3 in 2014 (a) and 
2015 (b). Soybean genotypes with high yield potential and low yield reduction are showed 

































































Figure 7.1. Frequency distribution of average wilting scores in the three drought populations 



































































Figure 7.2. Frequency distribution of wilting scores of lines in the three drought populations 



































































Figure 8.Visual ratings for canopy wilting in MD-1 at Stuttgart, AR in 2014 and 2015. 












































































Drought is an important factor affecting soybean yield, and slow canopy wilting and 
sustained nitrogen fixation are promising traits for improving drought tolerance. High 
concentrations of shoot nitrogen and ureides have been associated with inhibition of nitrogen 
fixation under water deficit conditions. The present study evaluated the differences in canopy 
wilting, shoot ureides and nitrogen concentrations in a mapping population of 148 
recombinant inbred lines (RIL) derived from the cross R07-7044 x R01-581F. The objectives 
of this study were to identify new quantitative trait loci (QTL) and / or confirm previously 
reported QTL for slow canopy wilting, shoot ureides and nitrogen concentration. 
In 2015, 148 RIL from R07-7044 x R01-581F were evaluated in a replicated test with RCB 
design in two locations for shoot nitrogen concentration, shoot ureide concentration, and 
canopy wilting. The RIL population was genotyped using single nucleotide polymorphism 
(SNP) markers. RILs were genotyped with 5403 SNP markers using the SoySNP6k BeadChip. 
A total of 1,206 polymorphic SNP markers covering the 20 soybean chromosomes were used to 
construct linkage maps. For phenotypic data, biomass samples were collected at R5 stage of 
development and canopy wilting was visually assessed at the same stage. Two new QTLs for 
shoot nitrogen concentration were identified on chromosomes 6 and 11 using composite 
interval mapping (CIM). The CIM analysis also identified and confirmed two chromosomal 
regions containing two QTL for shoot ureide concentration that had been previously reported. 
In addition, four new QTLs associated with slow wilting were identified in this study. The 
QTLs detected in the current study offer a potential tool for marker-assisted selection in breeding 







Drought is an important costly weather related event in terms of yield loss (Sinclair et 
al., 2010). The symbiosis of soybeans with Bradyrhizobium japonicum bacteria provide 
approximately 50-60% of the nitrogen required by the plant (Salvagiotti et al., 2008) whereas 
the other 40-50% come from the nitrogen uptake from the soil. Mastrodomenico and Purcell 
(2012) in a study in a low organic matter soil at Arkansas showed that approximately 90% of 
seed nitrogen content can be provided by nitrogen fixation.  
Nitrogen fixation decreases more than photosynthesis or leaf gas exchange under 
drought conditions (Durand et al., 1987; Serraj and Sinclair, 1996). High nitrogen fixation 
occurs between the R3 and R7 stages of soybean development constituting a crucial source 
of nitrogen for pod growth (Zapata et al. 1987). Although several studies have been 
conducted, the drop of nitrogen fixation under drought conditions is not clearly understood. 
Early studies suggested that shoot ureide accumulation under drought conditions is a signal 
to inhibit nitrogen fixation (King and Purcell, 2006). However, other studies indicate that 
ureides were not a direct signal for nitrogen fixation inhibition (King and Purcell, 2005; 
Ladrera et al., 2007). Nerveless, King and Purcell (2006) showed that was an association 
between the nitrogen concentration of a genotype and prolonged nitrogen fixation under 
water deficit stress. Genotypes with high ureides and nitrogen concentrations were drought 
sensitive, whereas genotypes with low general nitrogen concentration were drought tolerant 
maintaining the nitrogen fixation during moderate drought conditions (King and Purcell, 
2006). 
In preliminary studies, the cultivar ‘Jackson’ was identified by Sall and Sinclair 




This cultivar has low ureides and nitrogen concentration, a desirable characteristic in drought 
tolerant genotypes ( Purcell et al., 2000; Hwang et al., 2014). In contrast, the cultivar 
‘KS4895’ is a drought sensitive cultivar with relatively high ureides and nitrogen 
concentrations. A population from the cross between KS4895 and Jackson was developed 
(Charlson et al., 2009) and Hwang et al. (2013) identified four QTLs associated with shoot 
nitrogen concentration on chromosome 13 and 16. They also reported five QTLs for ureide 
concentration on chromosome 6, 9, 13, and 16. 
Delayed or slow canopy wilting was found as a possible drought tolerant trait in early 
1980’s in a screening of several plant introductions (PI) (Sloane et al., 1990a). The PI 
416937 showed slow canopy wilting. Further research, showed that the KS4895 x Jackson 
population segregated for canopy wilting, and four putative QTLs were identified (Charlson 
et al., 2009). Slow-wilting mechanism is not yet completely understood but few reports 
propose some physiological mechanisms that may lead to slow wilting (Ries et al., 2012; 
Hwang et al., 2015). Slow wilting genotypes restrict transpiration rate during high 
evaporative demand resulting in the conservation of soil moisture (Fletcher et al., 2007). 
Further studies showed that fast- and slow-wilting genotypes respond differently to the 
aquaporin inhibitor silver nitrate (Sadok and Sinclair, 2010). Hwang et al. (2015) noted that 
maturity QTLs were located near wilting QTLs and the authors cautioned that maturity and 
determinacy could conformed selection for slow wilting trait. 
Abdel-Haleem et al. (2012) identified seven QTLs associated with canopy-wilting in 
a population derived from the cross PI 416937 x Benning. Similarly, Charlson et al. (2009) 
identified four putative QTLs in a population derived from the cross KS4895 x Jackson. 




et al. (2015) identified and confirmed nine slow canopy wilting QTLs from five different 
populations. 
The incorporation of prolonged nitrogen fixation and slow wilting into enhanced 
lines can help to overcome water-deficit stress. Therefore, location of QTLs for canopy-
wilting and nitrogen-fixation traits will help breeders to identify genes controlling drought-
tolerance.  
The objectives of this research were to detect new QTL and / or confirm previously 







Materials and Methods 
 
Population development and field experiment 
The cross combination R07-7044 x R01-581F was made at the University of 
Arkansas Agricultural Experiment Station in Fayetteville, AR during the summer of 2011. 
The line R01-581F was chosen due to the prolonged nitrogen fixation under moderate 
drought conditions (Chen, et al, 2007). This is a maturity group V line developed in 
Arkansas breeding program and is derived from the cross of Jackson x KS4895 (Chen, et al, 
2007). The line R07-7044 is derived from the cross between Lonoke and NTCP94-5157, and 
NTCP94-5157 has the slow wilting trait (Table 1).  
F1 plants were space-planted and confirmed to be true hybrids during summer of 2012 
in Fayetteville. Eight F2 plant rows were grown in Fayetteville during the summer of 2013 
and bulk seed samples were sent to a winter nursery for generation advancement and seed 
increase in 2013. The A&J Seed Farms S.A. who provides off-season nursery services is 
located near Upala city in the northwestern of Costa Rica. Approximately 200 single plants 
were pulled from the population during fall 2013. In 2014, the F4:5 lines were grown in Costa 
Rica to increase the seed quantity adequate to grow a test in two locations with two 
replications. Finally, 148 F4:6 lines were grown in field experiments at the Arkansas 
Agricultural Research and Extension Center in Fayetteville, AR (36°5′4′′ N, 94°10′29′′ W) 
and at the Rice Research and Experiment Station in Stuttgart, AR (34°30′ N, 91°33′ W) in 
2015. The field experiments were conducted in a randomized complete blocks (RCB) with 
two replications each. Entries were planted in a single row, 4.2 m length and with 45.7 cm 
row spacing. The seeding was at a density of 33 seeds m-2. The drought treatment in both 




plots were irrigated using a surface irrigation–furrow. The soil was a Captina slit loam (fine-
silty, siliceous, active, mesic Typic Fragiudults) in Fayetteville and Crowley silt loam (soil 
fine, montmorillonite, thermic Typic Albaqualfs) in Stuttgart, AR. No nitrogen fertilizer was 
applied to the soil. P and K were applied to meet soil test recommendations. Field plots were 
planted on June 2nd, 2015 in Fayetteville and June 8th, 2015 in Stuttgart. 
A non-nodulating sister line of the cultivar Lee, D68-0099 (Hartwig, 1994) was 
included as an indicator of available soil nitrogen (Figure 7). It is maturity group VI line and 
the non-nodulating character is a simple recessive character (Hartwig, 1994; Lee et al., 2011). 
The initial assumption is that nodulated and non-nodulated genotypes possess similar 
absorption and assimilation of mineral N during the reproductive stage of the plant. Thus, 
nitrogen fixation can be calculated by subtracting N concentration of non-nodulating line 
from those nodulating genotypes. The contribution of N2 fixation to shoot nitrogen content at 
R5 stage was calculated as: 
Shoot N contributed by N2 fixation = [N genotype] – [N of the non-nodulating genotype] 
                                                                  [N genotype] 
 
DNA extraction 
For the DNA extraction, bulk of young fully developed trifoliolate leaves from all the 
plants from each F4:6 RIL and parent lines were collected in the summer of 2015 in Fayetteville, 
AR. Leaf samples were put on dry ice in a cooler during the collection and moved to the 
laboratory, and stored in a freezer at -80°C. Leaves were ground with liquid nitrogen using a 
mortar and pestle to obtain a fine power. DNA isolation was performed using the 




extraction buffer containing 5M NaCl, 200mM Tris-HCL pH 8.0, 0.5 mM EDTA, and 6.4 ml β-
mercaptoethanol was mixed with the samples. Microfuge tubes were incubated at 65°C for 60 
minutes, mixing the material approximately every 10 minutes. After incubation, 
chloroform:isoamyl alcohol (24:1) was added, and the tubes were centrifuged at 12000 rpm for 
15 minutes. DNA pellets were washed with 95% ethanol and subsequently with 75% ethanol 
and allowed to air dry for few hours. DNA was dissolved in water and concentrations were 
measured with a Nanodrop2000 UV-Vis Spectrophotometer at an absorbance of 260 nm using a 
1 µl sample. 
Single nucleotide polymorphism (SNP) genotyping. 
 A 4 µL DNA aliquot of all RILs and parental lines was sent to the Department of 
Plant, Soil, and Microbial Sciences at Michigan State University, East Lansing, MI. Samples 
were genotyped with 5403 SNP markers using the SoySNP6k iSelect BeadChip on Illumina 
iscan system (Illumina, San Diego, CA). 
Phenotyping for ureide and nitrogen concentration 
Tissue samples for shoot nitrogen and ureide concentration were collected at the R5 
stage. Five plants from each plot were cut at ground level, collected in a paper bag and dried 
in an oven at 65°C for one week.
 
Dry tissue was stored at room temperature.  
The whole shoots were coarse ground through a 6 mm screen. Fifteen ml falcon tubes 
were filled with 5mm (approximately 500 mg) of tissue and two steels balls were added per 
tube. A 2010 Geno/Grinder® (SPEX SamplePrep LLC ,
 
Metuchen, NJ ) was utilized to fine 
ground the samples at 1500 rpm for 10 minutes. Subsamples of 110-150 mg were used for 
nitrogen concentrations and 115-130 mg was used for ureide extraction. 




combustion method by the Soil Test and Plant Analysis Laboratory at the University of 
Arkansas.  
Shoot ureides were extracted from 0.115 to 0.130 g in test tubes by adding 5 ml of 0.2 
M NaOH and placing the tubes in 100 ºC water bath for 30 minutes. Then, 1 mL of extract 
was transferred into a 1.5mL microfuge tube and centrifuged at 10,000 rpm for 5 minutes. 
The supernatant was transferred into a new tube and ureide concentration was performed 
using the colorimetric procedure of Young and Conway (1942). 
Phenotyping for slow canopy wilting 
RIL plots were irrigated after emergence as needed until full bloom and then the 
experiment was rain fed until maturity. Wilting evaluations of RIL and parental lines were 
conducted between R2 and R5 (Fehr and Caviness, 1977) using a scale from 0 (no wilting) to 
100 (plant death) (King. et al., 2009) at both Fayetteville and Stuttgart, AR in 2015.  
Statistical analysis 
The Shapiro-Wilk (W) normality test using SAS 9.3 (SAS Institute, 2015) was 
conducted for the distribution analysis of the RILs derived from R07-7044 x R01-581F using 
PROC UNIVARIATE. 
Narrow-sense heritability (h2) based on entry means was calculated using the follow 
equation:  
    h2 = σ2A / [σ
2
 G + (σ
2
 GxE / e) + (σ
2 / re)]  
Where, σ2A represents the additive variance, σ
2
G represents the total genetic variance, 
σ2 GxE represents the variance of genotype by location interaction, σ
2 represents the error 
variance,
 





The association between phenotypic and genotype data was initially analyzed by 
single-factor analysis with PROC GLM procedure in SAS 9.3 to identify possible QTLs. 
Polymorphic markers were analyzed for the goodness-of-fit the expected allelic segregation 
ratio (1:1). 
Linkage map construction and QTL analysis 
 Linkage mapping was created using the software JoinMap® 4.1. Haldane mapping 
function was used to convert recombination frequencies into map distances in centiMorgans 
(cM) (Haldane, 1919). Initially, a minimum logarithm of odds (LOD) criterion from 6 to 8 
was used to stablish linkage groups. The software package WinQTL Cartographer 2.5 with 
single marker analysis (SMA) and composite interval mapping (CIM) was used for the QTL 
analysis. SMA was initially performed with p<0.05 threshold to identify significant markers.  
For CIM, a significance threshold was determined by 500 permutations, with a significance 
level of alpha=0.05 and a walk speed of 1 cM. LOD plots were created according to the 
information of WinQTL Cartographer using MapChart 2.2 software (Voorrips, 2002). 
SoyBase (www.soybase.org [accessed 20 July 2016]) were used to search for candidate 
QTLs and marker sequence data. The Glyma 1.0 and Glyma 2.0 set in the Genome Sequence 






Phenotypic data analysis 
 
ANOVA analysis was conducted for shoot nitrogen concentration, ureides, and 
canopy wilting segregating in 148 F4:6 RILs derived from the cross R07-7044 x R01-581F. 
The model was significant with p-value of <0.0001 for all three traits with R2 values of 0.70, 
0.74 and 0.62 for nitrogen concentration, ureides, and canopy wilting, respectively (Table 3, 
4, and 5). The model selected support that data analysis and experimental design were 
appropriate for this study. The sources of variation of the model were: genotype, and 
genotype x location. Genotype was a significant source of variation for each trait while 
location was not significant for any of the traits studied.  Although the genotype x location 
effect was statistically significant only for shoot nitrogen, the magnitude of variation was 
rather small. The relative ranging of genotypes was consistent among locations and 
replications for nitrogen concentration, ureides, and wilting.  
Shoot ureide and shoot nitrogen concentration of the 148 RILs presented a positive 
and significant phenotypic correlation with a r = 0.54 (P<0.0001) at Fayetteville and a r = 
0.24 (P<0.0001) at Stuttgart. This positive trait association had also been shown in other 
studies. However, Hwang et al. 2013 reported higher correlation coefficient values in a range 
of r = 0.50 – 0.72. Figure 4 shows the shoot nitrogen regressed on shoot ureide, indicating a 
linear regression coefficient with a positive slope (r2=0.38). Therefore, shoot nitrogen 
concentration may be used as an indicator for shoot ureide and nitrogen fixation levels of 
plants under drought stress.   
The estimated Narrow-sense heritability (h2) on the entry mean basis was 0.37 for 
shoot nitrogen concentration, 0.61 for shoot ureide concentration, and 0.43 for canopy wilting 




program.  Nitrogen concentration, ureides and canopy wilting were normally distributed in 
both locations. However, transgressive segregation was observed for all three traits indicating 
segregation of different QTL in the mapping population (Fig 1-3). Figure 1 shows the 
frequency distribution of shoot nitrogen concentration averaged by genotype at the two 
locations. The shoot nitrogen concentration ranged between 1.1 - 3.7 at Fayetteville and 1.3 - 
3.7 at Stuttgart (Table 2). Figure 2 shows the frequency distribution of ureides averaged by 
genotype at both locations. Fayetteville values fluctuated between 12.2 to 50.9 µmol g-1 and 
Stuttgart location presented values from 14.7 to 46.7 µmol g-1. Figure 3 shows that the 
frequency distribution of the canopy wilting averaged by genotype over location was 
normally distributed and ranged from 15 to 40 in Fayetteville, and 24 to 40 in Stuttgart (Table 
2 and Figure 3). 
 
When compared with non-nodulating genotypes, regular soybeans obtain nitrogen 
through rhizobia nitrogen fixation. On an average, 40 to 60% of shoot N demand was met by 
biological nitrogen fixation (BNF) in soybean lines at R5 stage (Table 6). Therefore, the 
nitrogen fixation level is important for plants under drought stress. 
SNP marker analysis 
 
A total of 5,403 SNP markers were used to genotype F4:6 RIL derived from R07-7044 
x R01-581F. A total of 1,206 markers were polymorphic (22 %). The linkage map covered 
2,340.5 cM with average distance coverage of 2.3 cM per marker (Table 7). JoinMap 4.0 was 
used to construct the 29 linkage groups covering the 20 soybean chromosomes (Figures 5a-i). 
Marker orders were based on linkage and confirmed using a physical consensus map. 
However, few markers present a minor location difference probably due to the size of the 




The single marker analysis showed two significant SNP markers associated with shoot 
nitrogen content on chromosomes 6 and 11, three SNP markers on chromosomes 6, 10 and 
13, associated with shoot ureide, and four SNP  markers associated with wilting on 
chromosome11, 13, 14, and 18 (Table 8).  
Composite interval mapping was used as QTL model (Table 9). Two new QTLs for 
shoot nitrogen concentration were detected on chromosomes 6 and 11 with R2 values of 0.06 
and 0.11 and additive effects of 0.05 and 0.08 g 100 g-1, respectively. The marker 
Gm06_46425973_T_C on chromosome 6 had a high LOD value (5.2) accounting for the 11 
% of the variation of shoot nitrogen concentration (Table 9; Fig. 6a and 6c). 
  Two QTLs for shoot ureides concentration were identified with the CIM model on 
chromosomes 10 and 13 with R2 values of 0.05, and 0.13, respectively (Table 9, Fig 6b and 6d). 
The additive effects ranged from 1.09 to 1.92 µmol g-1 and the R01-581F allele contributed to 
the reduction of shoot ureide concentration. The marker Gm13_26504428_C_T in the region 
26504428 bp on chromosome 13 exhibited the LOD value of 6.3 and explained the 13 % 
variation in shoot ureide concentration (Table 9). 
  Four chromosomal regions also contained markers containing four QTLs for canopy 
wilting were identified. Composite interval mapping revealed the marker Gm11_423298_C_T 
on chromosome 11, Gm13_33124381_A_G on chromosome 13, Gm14_46106800_T_C on 
chromosome 14, and two markers Gm18_298221_T_C and Gm18_1788740_C_T on 










The R07-7044 x R01-581F RIL population was developed to observe genetic 
segregation and to map QTL for nitrogen fixation and canopy wilting associated with 
drought tolerance. The RIL population exhibited a normal distribution with transgressive 
segregation for all three traits measured: shoot nitrogen concentration, shoot ureide 
concentration, and canopy wilting. Although the parents did not differ in canopy wilting in 
response to drought, the RILs showed variations in canopy wilting. These results indicated 
that the three traits investigated are quantitative in nature and controlled by QTL with minor 
effects. 
Parent lines R07-7044 and R01-581F showed consistent values in shoot ureides and 
shoot nitrogen concentrations across environments. Previous research has characterized R01-
581F as being drought tolerant due to the persistence of N2 fixation under moderate drought 
stress (Sinclair et al., 2006). However, no shoot N and ureide concentrations data was 
available for this line. In another study, King and Purcell (2006) indicated that lines with low 
general nitrogen concentration were drought tolerant maintaining the nitrogen fixation 
during moderate drought condition. Surprisingly, shoot nitrogen and ureides concentration of 
R01-581F were higher than R07-7044, which was not expected. R01-581F had 2.7 g N 100 g-
1and 34.8 µmolg-1 compared to R07-7044 with 2.4 g N 100g-1 and 23.1 µmolg-1. Although the 
parents do not exhibit contrasting trait, the population exhibited a normal distribution with 
obvious transgressive segregation, allowing valid QTL mapping for the drought tolerance 
related traits of interest. 
The ANOVA showed that genotype is the largest contributor to shoot nitrogen, 




play an important role in influencing nitrogen and ureides content. In addition, the genotype x 
location effect was not significant or negligent for all the traits measured. Therefore, 
genotypic separation and selection can be done using single environment, which makes 
breeding selection relatively easy for these traits. 
The estimated heritability for shoot nitrogen concentration in this study was lower 
(0.37) than previously reported (0.65) (Hwang et al. 2013). However, the heritability for shoot 
ureides (0.61) was similar to the values observed by Hwang et al. (2013) indicating that it is 
heritable and can be used in phenotypic selection. The heritability of canopy wilting was 
lower (0.43) than values reported in previous studies (0.50 – 0.78) (Charlson et al. 2009; 
Abdel-Haleem et al. 2012; Hwang et al. 2015).  
Single marker analysis showed one significant SNP markers (Gm06_46425973_T_C) 
in the 46425973 SNP region on chromosome 6 and another marker (Gm11_16492046_A_G) 
in 16492046 region on chromosome 11 that were associated with shoot nitrogen 
concentration explaining 6 and 11% phenotypic variation, respectively (Table 9).  A minor 
QTL on chromosome 10 and a major QTL in chromosome 13 were confirmed to be 
associated with shoot ureides.  The minor shoot ureides QTL on chromosome 10 was located 
near one of the putative QTL identified by Ray et al. (2015). Two significant SNP markers 
associated with shoot ureides on chromosome 13 (Gm13_26504428_C_T and 
Gm13_29481243_C_A) were located between 26504428 and 29481243 bp region and 
explained 9 to 13 % variation, respectively. The major QTL identified (chromosome 13) in 
this study is in the same QTL region previously reported by Hwang et al. (2013) and Ray et 
al. (2015), indicating that this QTL is stable across different genetic backgrounds and 




to shoot nitrogen and ureide QTLs, we identified markers significantly associated with 
canopy wilting on chromosomes 11, 13, 14 and 18 that explained 5 to 8 % phenotypic 
variation. A previous study by Charlson et al. (2009) reported canopy wilting QTLs on 
chromosomes 8, 13, 14, and 17. The wilting QTL identified in this study and located on 
chromosome 13 is not in agreement with what reported by Charlson et al. (2009). They 
indicated that the QTL for wilting is located close to the marker Satt362. Abdel-Haleem et al. 
(2012) reported seven QTLs for canopy wilting on chromosomes 2, 4, 5, 12, 14, 17 and 19. 
Moreover, Hwang et al. (2015) identified and confirmed nine wilting QTLs using data from 
five recombinant inbred line populations. Although, these previous researches showed a QTL 
associated with wilting on chromosome 14, they concluded that this could be a false positive. 
The wilting QTL mapped on chromosome 14 in this study is located in a different position 
compared to a QTL previously reported. 
The novel QTL on chromosome 6 contributed 11% variation in shoot nitrogen. The 
favorable allele was from the R07-7044, a new source for breeding drought tolerance. The 
confirmation of QTLs on chromosome 10 and 13 is particularly of value for breeders to select 
for this trait using marker-assistant-selection (MAS) across various genetic background and 
diverse environments. In addition, QTL for shoot nitrogen, shoot ureides, and canopy wilting 
are scattered on different chromosomes. This would allow breeders to pyramid all the QTL 





Conclusion   
Two new shoot nitrogen QTLs on chromosomes 6 and 11 and two shoot ureides QTLs 
for on chromosomes 10 and 13 were identified. These QTLs associated with ureides were 
located near the regions with previously reported ureides QTLs. Additionally, four new minor 
canopy wilting QTLs were identified on chromosomes 11, 13, 14, and 18.  
In the present study, most of QTL exhibit additive effects, consequently pyramiding 
reduced shoot ureides and slow canopy wilting would improve drought tolerant lines. Markers 
linked to these traits would facilitate breeding and selection process. The QTLs identified in 
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Table 1. Pedigree and target traits of the QTL mapping population. 
 
Population pedigree Maturity 
Group 
Parental antecedents N2 Fixation  
 Ancestor with trait 
Slow-wilting  
Ancestor with trait 
R07-7044 x R01-581F V R07-7044: Lonoke x NTCPR-94-5157 
NTCPR-94-5157: Davis x N73-1102 
N73-1102: Tracy x Ranson 
R01-581F: Jackson x KS4895 
Jackson NTCPR-94-5157 
 









Table 2. Means and ranges of shoot nitrogen and ureides concentration, and canopy wilting traits for parents and 148 F4:6 RILs derived 
from R07-7044 x R01-581F evaluated in the two locations in 2015. 
 
Variable Location 
R07-7044 R01-581F Progeny 
Mean Std Dev† Mean Std Dev† Mean Std Dev† Range 
Shoot N concentration‡ Fayetteville 2.33 0.35 2.65 0.28 2.50 0.32 1.1 – 3.7 
(g N 100 g-1) Stuttgart 2.43 0.45 2.76 0.20 2.51 0.33 1.3 – 3.7 
Ureides‡ Fayetteville 24.1 7.33 37.8 8.51 31.8 8.17 12.2 – 50.9 
(µmol g-1) Stuttgart 22.0 5.48 31.8 4.67 27.9 6.04 14.7 – 46.7 
Canopy wilting§ Fayetteville 30 3.45 34 6.23 31 5.38 15 - 40 
(0 - 100) Stuttgart 31 3.41 30 5.29 30 5.97 24 - 40 
 
† Standard deviation.   
‡ Shoot N and shoot ureide data were collected at R5. 








Table 3. Analysis of variance for shoot N concentration of 148 F4:6 RIL population derived from 









F value P-value R2 
Model 297 0.15 -  <.0001 0.70 
Location 1 0.04 0.02 0.63 0.4280  
Replication(Location) 2 4.56 0.03 71.39 <.0001  
Genotype 147 0.14 0.01 2.24 <.0001  
Genotype x Location 147 0.09 0.01 1.40 0.0076  
Error 294 0.06 0.06    





Table 4. Analysis of variance for shoot ureides of 148 F4:6 RIL population derived from the cross 










F value P-value R2 
Model 297 81.43   <.0001 0.74 
Location 1 2201.28 0.74 1.11 0.4018  
Replication(Location) 2 1975.38 13.15 68.63 <.0001  
Genotype 147 88.43 13.55 2.58 <.0001  
Genotype x Location 147 34.23 2.72 1.19 0.1076  
Error 294 28.78 28.78    




Table 5. Analysis of variance for canopy wilting of 148 F4:6 RIL population derived from the 









F value P-value R2 
Model 297 40.10   <.0001 0.62 
Location 1 8.04 0.15 0.33 0.5659  
Replication(Location) 2 47.31 0.16 1.94 0.1450  
Genotype 147 51.08 5.46 2.10 <.0001  
Genotype x Location 147 29.24 2.45 1.20 0.0951  
Error 294 24.34 24.34    






Table 6. Percentage of shoot N contributed by N2 fixation in 148 F4:6 RIL population derived 
from the cross R07-7044 x R01-581F compared to a non-nodulating genotype. 
 
  Shoot N † 
  g N 100 g-1 
Non-nodulating line 1.2 
Progeny mean 2.5 
Progeny range 2.0 - 3.0 
Shoot N contributed by N2 fixation range ‡ 0. 40 - 0.60 
 
† Shoot N was evaluated at R5. 
‡ Contribution of N2 fixation to shoot N content range was calculated using the following 









Table 7. Summary of single nucleotide polymorphism (SNP) makers used in screening of R07-







screened ‡ Average coverage§ 
1 D1a 159.7 78 2.0 
2a D1b 41.2 15 2.7 
2b D1b 56.7 19 3.0 
3 N 144.3 52 2.8 
4 C1 6.8 11 0.6 
5 A1 29.8 16 1.9 
6a C2 177.5 53 3.3 
6b C2 36.9 22 1.7 
7 M 67.4 41 1.6 
8 A2 49.6 37 1.3 
9a K 39.6 17 2.3 
9b K 61.9 13 4.8 
10a O 120.3 42 2.9 
10b O 47.2 16 2.9 
11a B1 55.1 22 2.5 
11b B1 107.4 36 3.0 
12a H 60.7 19 3.2 
12b H 33.9 17 2.0 
12c H 4.7 14 0.3 
13 F 184.9 68 2.7 
14a B2 92.7 40 2.3 
14b B2 37.5 17 2.2 
15 E 70.8 39 1.8 
16 J 51.7 17 3.0 
17a D2 43.5 18 2.4 
17b D2 80.9 41 2.0 
18 G 198.1 137 1.4 
19 L 112.7 45 2.5 
20 I 166.7 76 2.2 
Average 80.7 36 2.3 
Total 2340.5     
 
† Chromosome length in centiMorgans (cM). 
‡ Numbers of markers screened for each chromosome. 






Table 8. Single marker analysis (SMA) of shoot nitrogen concentration, shoot ureide, and 
canopy wilting in R07-7044 x R01-581F population evaluated in Fayetteville and Stuttgart in 
2015.   
 
 
Trait Chromosome  SNP marker QTL position (bp) P-value 
Shoot nitrogen 
6 Gm06_46425973_T_C 46425973 <0.0001 
11 Gm11_16492046_A_G 16492046 <0.0001 
Shoot ureides 
6 Gm06_5135025_A_G 5135025 <0.05 
10 Gm10_38489306_T_G 38489306 <0.05 
10 Gm10_40646744_G_A 40646744 <0.05 
13 Gm13_26504428_C_T 26504428 <0.0001 
13 Gm13_29481243_C_A 29481243 <0.0001 
Canopy wilting 
11 Gm11_423298_C_T 423298 <0.0001 
13 Gm13_33124381_A_G 33124381 <0.05 
14 Gm14_46106800_T_C 46106800 <0.05 
18 Gm18_298221_T_C 298221 <0.0001 
















Table 9. Composite interval analysis (CIM) of shoot nitrogen concentration, shoot ureide, and canopy wilting in R07-7044 x R01-
581F population evaluated in Fayetteville and Stuttgart in 2015.   
 
 
Trait Chr.† SNP marker QTL position(bp / cM R2 LOD ‡ Additive Favorable allele § 
Shoot 
nitrogen 
6 Gm06_46425973_T_C 46425973 / 131.4 0.11 5.2 -0.08 R07-7044 
11 Gm11_16492046_A_G 16492046 / 26.9 0.06 2.7 -0.05 R07-7044 
Shoot 
ureides 
10 Gm10_38489306_T_G 38489306 / 100.5 0.06 3.2 -1.25 R07-7044 
10 Gm10_40646744_G_A 40646744 / 118.3 0.05 2.6 -1.09 R07-7044 
13 Gm13_26504428_C_T 26504428 / 104.7 0.13 6.3 -1.92 R07-7044 
13 Gm13_29481243_C_A 29481243 / 116.8 0.09 3.8 -1.54 R07-7044 
Canopy 
wilting 
11 Gm11_423298_C_T 423298 / 1.5 0.06 2.8 -1.04 R01-581F 
13 Gm13_33124381_A_G 33124381 / 127.8 0.05 2.7 -0.99 R01-581F 
14 Gm14_46106800_T_C 46106800 / 0 0.05 2.5 0.96 R07-7044 
18 Gm18_298221_T_C 298221 / 0 0.08 4.1 1.24 R07-7044 
18 Gm18_1788740_C_T 1788740 / 5.4 0.07 3.5 1.15 R07-7044 
 
† Chromosome 
‡ Logarithm of odds 


































Figure 1. Frequency distribution of shoot nitrogen concentration in the R07-7044 x R01-581F 





Shoot N concentration (g N 100 g-1) 


































Figure 2. Frequency distribution of shoot ureide in the R07-7044 x R01-581F population 













































Figure 3. Frequency distribution of canopy wilting scores in the R07-7044 x R01-581F 




















Figure 4. Relationship between shoot ureide and shoot nitrogen concentration in R07-7044 x 
R01-581F population averaged over two locations. 
 
  





















































































Fig. 5a. Genetic map constructed for chromosomes 1 and 2 by single nucleotide polymorphism  























































































































































































































































Fig. 5b. Genetic map constructed for chromosome 3, 4, 5 and 6a by single nucleotide 


































































































































































































Fig. 5c. Genetic map constructed for chromosome 6b, 7, 8, and 9a by single nucleotide 














































































































































































Fig. 5d. Genetic map constructed for chromosome 9b, 10a, 10b, and 11a by single nucleotide 















































































































































Fig. 5e. Genetic map constructed for chromosome 11b, 12a, 12b, and 12c by single nucleotide 














































































































































Fig. 5f. Genetic map constructed for chromosome 13, 14a, and 14b by single nucleotide 




































































































































































































































































































































Fig. 5g. Genetic map constructed for chromosome 15, 16, 17a and 17b by single nucleotide 



















































































































































Fig. 5h. Genetic map constructed for chromosome 18 by single nucleotide polymorphism (SNP) 











































































































































































































































































































































































































































































































































































Fig. 5i. Genetic map constructed for chromosome 19 and 20 by single nucleotide polymorphism 























































































































































































































Fig. 6a. Composite interval mapping of QTL for shoot nitrogen on chromosome 6 using 148 
recombinant inbred lines (RIL) derived from R07-7044 x R01-581F. 


























































































Fig. 6b. Composite interval mapping of QTL for shoot ureides on chromosome 10 using148 
recombinant inbred lines (RIL) derived from R07-7044 x R01-581F. 



















































































Fig. 6c. Composite interval mapping of QTL for canopy wilting and shoot nitrogen on 
chromosome 11 using 148 recombinant inbred lines (RIL) derived from R07-7044 x R01-581F. 































































































































Fig. 6d. Composite interval mapping of QTL for shoot ureides and wilting on chromosome 13 
using148 recombinant inbred lines (RIL) derived from R07-7044 x R01-581F. 









































































































































Fig. 6e. Composite interval mapping of QTL for wilting on chromosome 14 using 148 
recombinant inbred lines (RIL) derived from R07-7044 x R01-581F. 















































Fig. 6f. Composite interval mapping of QTL for wilting on chromosome 18 using148 
recombinant inbred lines (RIL) derived from R07-7044 x R01-581F. 








































































Figure 7. Image of consecutive plots showing the non-nodulating line (light green row) as 







Overall conclusion  
Drought stress is an important factor of soybean yield reduction and the development of 
drought tolerant soybeans is a challenging goal for breeding programs. This thesis included the 
evaluation of the field screening method used to identify high yielding drought-tolerant lines and 
the QTL mapping for the nitrogen fixation and slow wilting traits associated with drought 
tolerance. In the present study, 86 lines derived from three drought populations were grown in 
two locations for two consecutive years under irrigation and rain-feed conditions. Four different 
types of yield performance were identified under irrigated-rainfed conditions: high-high, high-
low, low-moderate, and low-low. Some high yielding lines had low yield reduction under 
drought conditions. The selection of high yielding lines under full irrigation in early stages of the 
breeding process was a good indicator of their performance under both rain-fed and irrigated 
conditions. However, rate of yield reduction varied among lines under drought stress; therefore, 
selection is possible and may be efficient in development of high yielding drought tolerant 
cultivars. Several QTLs and corresponding SNP markers were identified for shoot nitrogen, 
shoot ureide concentration and canopy wilting from a R07-7044 x R01-581F population. RILs 
were grown in two locations to measure nitrogen and ureide concentration in the shoots and 
canopy wilting scores. Genotypic analysis was conducted using SNP markers. The mapping 
study identified two new QTLs for shoot nitrogen and four for canopy wilting. Additionally, 
QTL mapping confirmed the presence of two previously reported QTLs for shoot ureides on 
chromosomes 10 and 13. The QTLs identified in this would be useful in soybean breeding 
programs to select drought tolerant lines.  
